Abstract: Understanding how vibration affects discomfort is an important factor for improving work and travelling experience. Methods of evaluating health effects from whole-body vibration are closely linked to those for evaluating discomfort in ISO 2631-1. The standard includes a method to evaluate discomfort using twelve axes of vibration with a similar approach to that for evaluating health effects; thus using all twelve axes gives a possibility to evaluate both health and discomfort. The full 12-axis method has not been widely used in practice or validated in a multi-axis environment. The standard guidance is not explicit, thus different interpretations are possible especially when determining the method of comparing or combining vibration in different axes. Furthermore there are not enough studies conducted in multi-axis environments to suggest the optimal combination of axes. In this study ISO 2631-1 method was tested and optimised using a multi-axis test bench at Loughborough University, UK. Subjects were exposed to stimuli which represented vibration characteristics from field measurements. Each stimulus, lasting 15 s, was judged using a continuous judgement, cross-modal matching method. The seat translational and rotational and the backrest translational axes were used in the analyses. There was no vibration at the floor, in order to constrain the number of independent variables. Results showed that correlation for discomfort improved with more complex analysis procedures. However a good correlation was also achieved using just seat translational axes with optimised multiplying factors. The results showed that frequency weightings and r.m.s. averaging improved correlation between vibration and subjective ratings of discomfort. Multiplying factors specified in ISO 2631-1 degraded the correlation between objective and subjective measures of discomfort, therefore an improved set of factors were determined. The new factors showed improvement by placing more emphasis on seat fore-and-aft and lateral axes.
Introduction
Human vibration exposure can occur at work, commuting between home and work, and in leisure activities. Any form of transportation will expose travellers to some degree of vibration. Exposure to vibration can cause health and comfort problems. Health problems are normally back and neck related, presenting as musculoskeletal pain. Back pain, to which vibration exposure is a significant contributor 1) , is one of the most common health problems in the world 2, 3) .
Even though health is the most critical issue in general, only a fraction of people are exposed to vibration that is severe enough to be identified as the sole cause of long-term health problems 4) . Most exposed people experience vibration that may cause discomfort although it also constitutes a risk factor for low back pain. Discomfort can show as a general emotional or physical annoyance, lowered ability to concentrate, and increased fatigue, depending on the context and the emotional state of the human 5) . For an example reading in a train is more difficult because of vibration 6) .
In the context of work, discomfort normally relates to fatigue, lowered concentration and work performance, and indirectly to work motivation and happiness 7) , which can increase workload and/or reduce performance 8) . These factors are becoming more and more important in work environments. A worker-friendly workplace can also show benefits in productivity 9) . Although there is not necessarily a link between discomfort and health, it is generally assumed that improved comfort is associated with reduced risk. It is difficult to study whole-body vibration health effects directly in the laboratory, due to ethical considerations. It also has been proven difficult to find any pathological proof of back pain using MRI or other scanning techniques 10) , thus subjective opinion has been an important factor in cross-sectional studies of injury prevalence. Even though studies have shown increased prevalence of back pain when exposed to vibration, it has been difficult to isolate the effects from other confounding factors. Most of the techniques used to evaluate whole-body vibration health effects are based on perception and comfort studies 11) . Since the publication of the methods in ISO 2631-1, there has been little attempt to validate their applicability.
Previous research has shown that humans are more perceptive to certain frequencies, directions and amplitudes 1, [11] [12] [13] [14] [15] [16] , but these studies have not considered simultaneous multi-axis effects of vibration. Vertical vibration is perceived most easily around 5 Hz. Horizontal vibration, regardless of the direction, is perceived most easily at 1-2 Hz (or even lower), as are the rotational directions on the seat. Although most of the studies have evaluated only either one or two directions at the same time, the results show that there is a certain pattern of perception for each direction and location (although large variations between humans have been found) 17) . This conclusion has been used for developing frequency weighting curves of ISO 2631-1.
The standard guidance instructs measurement of vibration at the interface between the body and vibrating platform. For seated persons this means the seat, backrest and floor surfaces. The acquired acceleration signals are then frequency weighted to emphasise frequencies to which the body is most sensitive, and root mean square (r.m.s.) values are calculated for each measured axis. The r.m.s. values represent the weighted vibration energy of each axis. For evaluating health effects the standard guides to measure three translational axis from a seat surface. The standard does not directly guide how to use the acquired values to predict health effects, but gives information about vibration levels which are believed to be harmful in an informative annex.
For discomfort evaluation the standard suggests that, depending of the environment, vibration at the backrest, floor and rotation at the seat should be measured in addition to seat translational axes. The standard instructs the user to calculate point vibration total values and overall vibration total value from frequency weighted r.m.s. values.
ISO 2631-1 (1997) allows several possible ways for evaluating discomfort, because it does not explicitly define the use of certain combinations of axes and locations. The standard instructs to measure at least seat translational axes for conducting the evaluation, but it is also possible to use only one of the axes in the analysis, when other axes are less than 25% of the dominant axis. However, depending on circumstances, backrest and floor axes should also be included in the analyses. In addition there is a possible need to include rotational axes from the seat as well. Even though all twelve axes are proposed by the standard, there is no guidance on what circumstances to use them or what combination of axes correlate best with discomfort. The standard allows the replacement of backrest axes by using 1.4 multiplying factors for seat horizontal vibration. Thus there is a possibility for a confusion whether it is always necessary to use these multiplication factors when using only seat translational axes, or only in certain cases where there is no backrest contact.
If no better guidance is given, it is assumed that all of the twelve axes should be measured for best accuracy. The measurements from floor and backrest can be achieved using traditional 3-axis accelerometers that record translational accelerations. Measurements of rotation at the seat need a 6-axis seat pad sensor. Currently, commercially produced wholebody vibration seat pad sensors have only 3-axis sensors, which can record translation. Some special instruments that can be used to record all twelve axes have been developed by researchers, but they have not been actively marketed.
Previous results from field measurements have given an indication of how the standard weights the axes and which of them are the most important in practice 1, 18, 19) . It can be concluded that rotational axes have marginal contribution to the overall vibration total value (< 6%) 19) . Other publications however have indicated that the standard's method itself might not be valid. There have been doubts expressed at least with frequency weighting 20) , multiplying factors 21) and discomfort scaling 22) . There have been no studies to validate and optimise the standardised method in a multi-axis environment, and very little validation at all using stimuli that represent vibration from real work conditions.
The full 12-axis method requires complex equipment which is not available to most practitioners. It would be beneficial if as few axes as possible could be used for assessments, as this reduces complexity and cost, but currently there are no estimates of how much this reduced data set compromises the accuracy of whole-body vibration assessments. As there are no evidence-based guidelines or studies when to include the additional axes it is up to the measurer to select them appropriately. In many cases this has led to studies where only seat translational axes have been measured and rarely the discomfort has been evaluated. A further consideration is that many previous laboratory studies have been carried out using artificial single frequency sinusoidal stimuli which do not exist in real life, or combinations of vibration at different locations which are unrealistic. Therefore, techniques could have been optimised to a level of complexity and combinations of vibration in different directions which only exist in the laboratory.
There is a need to better understand which axes and locations contribute to the discomfort judgment and thus correlate with it. Also it could be possible to optimise the number of locations and axes needed to be measured to obtain practically accuracy. For efficiency and ecological validity it is important to validate the standardized method based on stimuli that is present in real environments, because that is where people are exposed to it.
The standard method can be improved by optimising 1) the frequency weightings, 2) the multiplying factors, 3) the calculation methods and/or 4) the measurement locations. Non-linear methods (e.g. those where the weighting changes dependent on magnitude) are beyond the scope of the standard method.
Frequency weightings have had considerable research and validation since late 1960's. The results show that the current frequency weightings for sitting persons (W d and W k ) have been successful in predicting subjective response. The other frequency weighting curves (W c and W e ) have not been subject to such thorough validation, but currently there are no conclusive results to support changing them. As current instrumentation supports the weighting filters and they have an evidence base, there is no reason to prioritise changing them at this point. Thus a practical optimised method should either use the current frequency weightings or no weightings at all.
The axis multiplying factors have had less research and validation than the frequency weighting curves. The purpose of the factors is to emphasise different axes and measurement locations. However there have been only few studies that have measured all twelve axes and validated their effects on discomfort 1, 18) . The origins of the current factors in ISO 2631-1 are not referenced. Because it is easy to apply a different set of multiplying factors without changing the instrumentation, the optimisation of the factors should be considered.
There have been only few studies that have investigated the effects of the 'additional' axes. These axes have been studied mostly in a single-axis environment. The studies indicate 18, 23) that the 3-axis measurements from the seat are not enough for evaluating discomfort from whole-body vibration. The relative importance of the axes is affected by the frequency weighting curves and the multiplying factors. The frequency weighting models of the response of the body in the frequency domain and the multiplying factors define the relative importance between different axes. The root-sum-of-squares method to combine the axes to the overall vibration total value emphasizes the dominant axis or axes and locations. Even though these methods have significant effects on the evaluation, they have not been validated in a practical multi-axis environment. It has been suggested that the current method does not provide accurate results which are comparable between environments 16) .
This paper reports a a laboratory study designed to: 1) validate the standard method in a multi-axis environment, 2) evaluate different combinations of axes and locations and how they affect the correlation, 3) evaluate how frequency weighting, averaging method and multiplying factors affect the correlation and 4) to optimise the standard method for best correlation by calculating new multiplying factors and thus be usable without the need for new equipment.
Methods

Test environment and setup
A 6 degrees-of-freedom shaker at Loughborough University was used to simulate vibrations previously measured in the field (Fig. 1) . The original twelve axis data was acquired using a developed equipment, which was validated in another study 24) . The vibration data from the seat translational and rotational axes were used for the shaker stimuli. A signal processing equalisation was conducted to the original measured vibration data, so that the stimuli represented characteristics of the original source. The acceleration data, which was band-pass filtered between 1 and 20 Hz, was converted to a displacement data using a digital integration algorithm. The converted signals were then manually adjusted using multiplying factors, for providing similar amplitudes than the original data. Each of the six axes were separately adjusted.
Accelerometers were installed based on the standard's guidance (Fig. 2) . The backrest sensor was installed half way through the backrest (270 mm from SIP). The subject's feet rested on a footrest, which was adjusted based on the subject's height and did not move during the experiment, thus the foot vibration was not included in the analyses. It was reasonable to assume that feet did not make any significant contribution to the judgment, and this was confirmed in a pilot work 25) . Also it was previously concluded from the field measurements that floor axes showed marginal contribution to the overall vibration total value 19) .
Subject judgement
Subjects evaluated discomfort of each stimulus using the continuous judgement method 26) . Subjects were presented a discomfort line (Fig. 3 left) that they could control in realtime using a rotary control (Fig. 3 right) . There was no numerical scale indicating the length of the line. The test subjects were asked to adjust the line so that it corresponded to discomfort judgement between "no discomfort" and "high discomfort". The test subjects were guided to evaluate the discomfort of each stimulus separately. At the end of each stimulus the test subjects reset the judgement by turning the indicator to "no discomfort" position. From each stimulus the judgement of test subjects was evaluated by averaging the last 10 s of response.
For each trial, the value of discomfort judgement and vibration from the axes were recorded at sampling frequency of 1,000 Hz. The data was measured using a 12-axis Vibsolas Ltd sensor system, which included a 6-axis seat pad sensor and two 3-axis sensors for backrest and floor, and a National Instruments recording device. The recording and visualisation program was realized using a Labview 7.1 development environment.
Stimuli types
Stimuli used in the tests were based on field measurements from a previous field study 19) . The purpose was to create an environment that simulated frequencies and relative magnitudes of the axes that are present in the field, thus using an approach with high ecological validity. Stimuli were bandpass filtered between 1 and 20 Hz and each lasted 15 s.
Each of the five main stimuli was chosen so that different typical frequency contents that are present in field were covered (Table 1) . Based on the main stimuli six variations were created to represent changes in the dominant axis and the overall vibration total value in order to test the ISO 2631-1 method ( Table 2 ). The variations of each main stimulus included different magnitudes and relative importance of the axes (including rotational), but similar frequency content. In total 30 different stimuli were created. At least one variation of each main stimulus had little or no rotational vibration present, but had a similar overall vibration total value than stimulus which had rotational vibration. Crest factors were below 10 for all stimuli. The frequency weighted r.m.s. values represented typical range of vibration levels in field environments (Table 3 ). Vibration was measured over all 9-axes even where there was no driving signal, to include any crossaxis response of the seat dynamics.
Subjects
The experiment used 22 subjects (12 males and 10 females). The average age of the subjects was 23 yr, and three subjects were above 30 yr. The average height was 181 cm for men and 164 cm for women. Average weight was 74.8 kg and 59.6 kg respectively. Each subject gave informed consent to participate in the trial. The trial was approved by Loughborough University Ethical Advisory Committee.
Study procedure
Test subjects were instructed to sit on the seat in a comfortable upright posture and leaning against the backrest. A test sequence of five stimuli from lowest vibration to the highest was used to familiarise subjects with the vibration before the trials began and to allow for training of subjects in controlling the judgement line on the screen. Each test subject was exposed to three randomised sequences of all 30 stimuli (90 tests in total). Between sequences there was a break where test subjects were asked to dismount from the seat and move around in the laboratory for five minutes, in order to minimise the effects of fatigue.
ISO 2631-1 analysis
Vibration was assessed with and without the appropriate frequency weightings and using r.m.s. and r.m.q. (VDV) averaging 27) . The point vibration total values (a pvtv ) were calculated: (1) where k x , k y and k z are the multiplying factors for the axes x, y and z (or roll, pitch and yaw) and a wx , a wy and a wz are the frequency weighted r.m.s. values of x, y and z (or roll, pitch and yaw) axes. Table 4 shows the multiplying factors for each axis.
An overall vibration total value (a v ) was calculated by combining the necessary point vibration total values:
where a j is a point vibration total value of location j and j is either seat, backrest or floor. For VDV analyses, exponents were raised to 4. Correlations between measurements of vibration on the surface of the seat and subjective responses were calculated using Spearman correlation.
Scenarios of combinatios of axes
ISO 2631-1 allows several possible combinations of axes to be used for discomfort analysis:
• An axis, which shows clear dominance (other axes less than 25%); • A point vibration total value, which shows clear dominance (rest of the PVTV's are less than 25% of the dominant PVTV); • A combination of point vibration total values of seat, Because of the number of combinations of the axes which are possible by the standard, a set of practically realisable scenarios were created to analyse the correlation between discomfort and vibration (Table 5 ). The scenarios were chosen to include most possible interpretations of the standard.
Evaluating frequency weighting and averaging methods
The effects of averaging method were compared by analysing correlation of overall vibration total values based on r.m.s. and r.m.q. methods. The effect of frequency weighting was analysed by using frequency weighted and unweighted r.m.s. values for calculating the overall vibration total values of the scenarios, and comparing the correlation.
Optimising standard method
The Brute Force search method was used to find optimal multiplying factors. Brute force algorithm is simple to implement and will always find the answer if it exists. If the combinations (i.e. calculation time) can be limited to a practical level, then the method is the most robust as it does not require a priori knowledge and assumptions (such as NelderMeade algorithms). Table 6 shows the range and steps of multiplying factors tried for each axis. The seat vertical was considered the axis to which rest of the axes were compared to, thus the results show relative emphasis to the vertical axis. As seat translational axes were identified as the most important axes, the resolution of the step was 0.1 for them. For the rest the step size was 0.2. So the final number of combinations used was 1.70 × 10 9 for the initial Brute Force optimisation.
Multiple linear regression was also used to model relationship between all nine axes (i.e. independent variables) and judgement value (dependent variable). Figure 4 shows an example of continuous judgement of a stimulus. The measured acceleration signal is the dominant axis (seat vertical) with frequency weighting. The judgement process includes three stages: 1) delay before responding to vibration, 2) adjustment period (based on first few seconds of vibration) and 3) fine tuning period (where final judgement is calculated). The last 10 s of judgement were used for analysis. Differences between men and women There were no clear differences between judgement scores from males and females (Fig. 5) . Although males tended to score slightly higher on average, the difference was not significant (Mann-Whitney U, p=0.31). Thus all further analyses were made without separating male and females.
Results
Judgement of vibration
Car -enhanced vertical 0.5 0.5 1 0.5 0.5 0.5 1.023 A 3 Car -w/o rotation 0.5 0.5 1 0 0 0 0.997 A 4 Car -enhanced rotation 1.5 1.5 1 1.5 1.5 1 1.270 A 5 Car -enhanced pitch 1.5 0.75 0.5 0.75 1.5 0.5 0.760 A 6 Car -enhanced fore-aft 1.5 0.75 0.5 0 0 0 0.459 B 1 Truck -baseline 0.9 1 0.6 1 0.8 1 1.179 B 2 Truck -enhanced lateral 0.45 1 0.3 0.5 0.5 0.5 0.934 B 3 Truck -enhanced lateral w/o rotation 0.45 1 0.3 0 0 0 0.824 B 4 Truck -enhanced vertical 0.9 0.5 1.2 1 0.8 1 1.
Correlation for combinations of axes
Mean judgement values of vibration generally increased with overall vibration total values of each stimulus in a nominally linear fashion (Fig. 6 ). Correlation tended to improve when more axes were included in the analysis, the best occurring for the full 9-axis analysis (scenario 7, 0.850). However, it was also evident that the correlation (r 2 ) was almost identical for scenarios 2 (0.823), 4 (0.836), 6 (0.844) and 7 (0.850). Scenario 1 had the worst correlation (r 2 ) of 0.623. The correlation (r 2 ) of scenario 3 (0.799) and scenario 5 (0.743) were better than for scenario 1, but were worse than the best scenario.
Effect of weighting curves and r.m.s./r.m.q. methods to correlation
Application of frequency weightings improved the correlation for all scenarios, except for scenario 1 ( Table 7) . The scenario of the best correlation changed to number 4 without the frequency weighting, but the best overall correlation remained scenario 7 with the frequency weighting. R.m.q. (VDV) analysis generated slightly poorer correlations than r.m.s. for each scenario. 
Optimising multiplying factors
The Brute Force optimisation of the multiplication factors showed that it was possible to improve the correlation between the weighted vibration and the subjective responses. The results show that the best correlation found was better than using any standard scenarios (Table 8 ). The best correlation was found using only seat translational axes with emphasising fore-aft and lateral axis compared to vertical. All top ten best correlations were produced without backrest or rotational axes (the factors were zero).
The results showed significant clustering of the seat horizontal multiplying factors (Fig. 7) . Correlation is optimal (higher elevation in the Figure) when the seat fore-aft multiplying factor is between 2.0 and 3.1 and seat lateral factor between 1.3 and 2.1. The figure shows clear clustering of the best combinations and that the Standard's multiplying factors (1.4) for seat horizontal axes improve correlation compared to no multiplication factors, but not as much as higher factors.
Based on these results an optimised model can be created, providing the best set of multiplying factors for the vibration stimuli used in the experiment:
where a v is discomfort value, a wx is frequency weighted r.m.s. value for seat fore-aft axis, a wy is frequency weighted r.m.s. value for seat lateral axis, a wz is frequency weighted r.m.s. value for seat vertical axis. Similar results (2.78 x, 1.68 y, 1.00 z, zero other axes) were obtained using using Linear Regression of the 9-axes of vibration.
Correlation using optimised multiplying factors
The best new multiplying factors (seat fore-aft 2.7, lateral 1.8 and vertical 1.0) were used to create an additional test scenario (scenario 8) and new correlation values were calculated for all test subjects and their average judgements ( Table 9 ). The new factors became the best scenario for 19 out of 22 subjects. It also improved the average correlation of all subjects to vibration, and the correlations of the "worst" and the "best" subject. There was a clear improvement from scenario 1, despite both scenarios being based on just seat translational axes (Fig. 8 ).
Discussion
Problems with standard guidance
Evaluation of discomfort from vibration can be achieved using several different combinations of axes according to interpretation of the detail of ISO 2631-1. Only seat translational axes are required for use every time, but inclusion of all other axes is optional. Thus many different combinations of axes are possible to be used in analyses.
The standard gives a possibility to use the translational axes measured from the seat to estimate the effects of seat-back using a multiplier. There is no reference to any study that can confirm the validity of the multiplier. This also concerns the other multipliers and frequency weighting curves used for all axes in the standard 21) .
Best combination of axes of ISO 2631-1
The results showed that the best overall correlation was achieved using scenario 7, which included the translational and rotational axes from the seat surface and the backrest axes. Thus the correlation was best when all available axes were used with their respective multiplying factors. However, scenarios 2 and 6 showed that the 1.4 multiplying factors to replace the backrest axes gave almost identical correlations with subjective comfort. There was a marginal difference between scenarios 2 and 6, which used the 1.4 multiplying factors to replace the backrest axes, and scenario 7 which included the backrest axes. This suggests that multiplying factors can be used to estimate the effect of backrest vibration on discomfort and could be used instead of backrest axes at least in cases where the backrest is rigidly mounted to the seat surface. Scenario 1 (seat translational axes without 1.4 multiplying factors) showed the worst correlation of all scenarios. The standard guides using factors 1.0 to seat translational axes in the main text. However, there is a note in smaller text, which suggests using the 1.4 multiplying factors for seat horizontal axes, if backrest axes cannot be measured. This has proved confusing and had led to a lack of consensus of handling data for discomfort assessment from seat translational only, resulting in a commonly-used method being the worst possible interpretation of the standard.
Variability of correlation of subjects
The correlation calculated from the mean judgements of all test subjects was better than the mean correlation of the test subjects. This was an expected result, as averaging reduces the influence of outliers. A high correlation between discomfort and vibration was found (r 2 = 0.850; scenario 7). This suggests that 85% of the change in discomfort judgements were able to be explained by change in the vibration values.
The best correlation (r 2 ) of individual test subjects varied between 0.396 and 0.731. Thus there was a large variability between subjects. However, for each subject the trend was similar: additional axes improved correlation. Correlation between vibration and discomfort was positive and linear. Although the amplitude range in stimuli was limited, they covered most of the practical exposures humans are exposed in every day work life.
Effect of weighting curves and averaging methods to correlation
Previous field measurements have shown that for most environment the rotational axes have only a small contribution to the overall vibration total value 19) . This is because of small multiplying factors and the effect of the frequency weighting curves. The results in this study indicated that although seat rotational axes did improve correlation, the effect was again relatively small (scenario 4 compared to scenario 7).
The r.m.q. method showed a systematically poorer correlation than r.m.s. for all stimuli, thus there was no evidence that the use of vibration dose value (VDV) would improve correlation for the types of stimuli used in the trial.
Optimised multiplying factors
The results showed that by increasing the multiplying factors of seat fore-aft and lateral axes, the correlation improved systematically. Even though including the rotational and backrest axes improved correlation, the effect was marginal (about 1.4%). This was due to the high collinearity between seat and backrest axes. This suggests that in many cases the seat translational axes will capture most vibration that affects the discomfort.
Both brute force and linear regression models showed similar results where fore-aft axis should be emphasised at 2.7 times and lateral axis 1.8 times compared to the vertical axis. The brute force results showed clear clustering of the factors, which was evident from the contour map. This also explained why the same correlation was possible with different combinations of factors.
ISO 2631-1 discomfort evaluation in practice
The whole purpose to evaluate discomfort from wholebody vibration is to understand what characteristics in the vibration cause discomfort and how to minimise them. If the method does not predict discomfort reliably it will not be used. Other methods such as r.m.q. and VDV, which have been suggested as superior to the r.m.s. method when evaluating health effects, have not been shown to work better for discomfort for the range of stimuli used in this study. It might be that different circumstances and environments will lead to different emphasis of the axes, thus no generalised model can be realised. In this case the model should allow changeable parameters for each environment. However, this study design used commonly experienced vibration stimuli from road and off-road vehicles designed to capture the widest population of those exposed. 
Limitations of the study design
It should be noted that the vibration amplitudes from the backrest depend on the location of the sensor, thus the correlation might be different if it was placed on another location. This strengthens the argument of using the 1.4 multiplying factors to replace the backrest axes even if it is possible to measure them. For this study a conventional seat was used, as is common in almost all work vehicles. For this type of seat, vibration at the seat cushion and backrest has been transmitted through the seat mounting points and therefore would be expected to correlate. Although some machines have different mounting points for the backrest and seat cushion where vibration could have less correlation, they are still fixed to the same chassis and therefore signals will almost always have similarities at low frequencies.
The shaker used in the trials could produce movement between 0 and 25 Hz. In this case, because of the bandpass filtering, the frequency range was in practice between 1 and 20 Hz. However as most of the energy in mobile work machines are within this frequency range, the shaker could be used to simulate vibration present in the field. Even though the study design and shaker caused limitations to the usability of the data, they were not considered critical considering the goals.
The study was limited to using subjects in a sitting posture and leaning against the backrest using a European small-car seat, which had previously been run-in. The results might not accurately predict responses in a work machine seat, which has a different design and results in occupants adopting a different posture with different backrest contact. However stimuli from mobile work machines were used in the study, along with those from other road and off-road vehicles.
Conclusion
The standard method for predicting discomfort from wholebody vibration was validated using a multi-axis test bench. It was concluded that the correlation improved when axes additional to seat translation were included. The frequency weighting curves improved correlation and the r.m.s. method was better the than r.m.q. method. However it was evident that the standard's multiplying factors were not optimal, thus an improved set of multiplying factors for all measured axes were calculated. Currently the standard instructs using 1.4 multiplying factors for seat horizontal axes if only seat axes are used in the evaluation. Modelling suggested improved prediction of discomfort would be achieved using higher factors for fore-aft and lateral axis vibration.
